Introduction
This paper addresses the utility of Optical Fourier Transform in determining fiber orientation and a direct comparison is made between the results obtained by Optical Fourier Transform and those obtained by image analysis techniques using the two-dimensional Fast Fourier Transform of the image. The methods are compared by using simulated images as well as a wide range of fabrics. The optical method is found to be rapid, simple and accurate and quite suitable for both off-line and on-line monitoring of fiber orientation distribution.
The use of light scattering for the study of the structure of paper is not new. Fiber orientation and its distribution can be obtained directly from the measurement of the intensity distribution in the diffraction pattern. These methods extend back to 1970 when Rudstrom and Sjolin [1] applied lasers to determine fiber orientation in paper. Several years later, Sadowski [2] used Optical Fourier Transform (OFT) methods to determine fiber orientation in thin paper samples. Boulay et. al [3, 4] later reported on the measurement of moisture content and fiber orientation of paper by employing a far infrared laser.
Over the past few years, we have reported a series of papers dealing with various methods to characterize the structure of nonwovens. A series of publications deal with various instrumentation methods to determine fiber orientation and deal with the use of scattering for the measurement of fiber orientation distribution function (ODF) and basis weight in nonwovens [5] , as well as image based methods [6] [7] [8] [9] [10] . We presented both direct and indirect methods for the measurement of orientation. The indirect methods were based on light scattering, flow-field analysis and the Fast Fourier Transform (FFT) of the image as well as the Hough Transform [11] . It was found that as an indirect method, the utility of the Fourier method was unquestionable especially in dealing with noisy images and with situations where sample weight/unit area was high [6] [7] [8] [9] [10] . It will be recalled that our image-based system was reported to be limited to a basis weight of about 30g/m 2 . At higher basis weights, a higher magnification was required and, consequently, very small areas of the image could be examined. However, the Optical Fourier method can typically deal with much higher basis weights (our system is limited to about 200 g/m 2 ) without the need for adjusting the area examined. In theory, the Optical Fourier Transform method should yield results similar to those obtained from the Fourier Transform of the image of the fabric. The accuracy of the Optical Fourier method is, however, dependent on the experimental setup as well as the fabrics being examined; the polymer type can influence the scattering of the laser signal. This paper will examine the issues regarding the use of the Fourier Transform and the Optical Fourier Transform for the measurement of orientation in nonwovens. The viability of the method will be demonstrated using some simulated images presented previously as well as images obtained from several fabrics with varying structure.
Materials and Methods
In an earlier paper dealing with simulation [6] , we used five sets of images that varied significantly in structure. In this paper, we use Series I and II (Figures 1 and 2 ). Series I consisted of simulations with straight lines resembling continuous filament webs with a range of orientation anisotropy (Table 1 ). This set was generated using the m-randomness procedure [6] . Images in Series II also varied in their orientation anisotropy but were composed of staple, discontinuous fibers with 10% crimp (Table 2 ). These were generated using the Irandomness procedure [6] . We also use two spunbonded non- Figure 3 . The basis weight for these fabrics was 50g/m 2 and 80g/m 2 respectively (Table 3) . A fourth set is composed of short crimped staple fibers (Table   4 ). These fabrics vary in their degree of anisotropy and are designated as speed A, B, C & D (Figure 4 ).
Fourier Transform
An image of a nonwoven structure is composed of spatial details in the form of brightness transitions cycling from light to dark and from dark to light. Spatial frequencies in a nonwoven image are related to the orientation of the fibers; fibers are shown in black on a white background (or vice versa). Thus, if the fibers are predominantly oriented in a given direction in a nonwoven fabric, the rate of change in frequencies in that direction will be low and the rate of change in frequencies in the perpendicular direction will be high. We use this property of the Fourier Transform to obtain information on the fiber orientation distribution in a nonwoven fabric. A frequency domain decomposes an image from its spatial domain of intensities into a frequency domain with appropriate magnitude and phase values. The frequency form of the image is also depicted as an image where the gray F(u,v) is its transform, u refers to the frequency along x direction, and v represents to the frequency along the y-axis.
A full description of the Fourier transform of a continuous function was given before [8, [12] [13] [14] [15] .
Optical Fourier Transform
The phenomenon of diffraction or scattering plays a very important role in the branches of physics and engineering that deal with wave propagation [16] . The Fourier Transforming operation can be performed with simplicity in a coherent optical system where the illumination is assumed monochromatic and the distribution of light amplitude across the back focal plane of the lens is of concern [17] .
For optical Fourier Transform, we use a light scattering device different from what was reported previously [5] ; a schematic is given in Figure 5 . In our setup, the laser beam is first focused to a fine point and then expanded by using a beam expander. The object is placed in front of the expanded beam and the diffraction is focused on a ground glass screen by using a double concave lens. A beam stop is used in the center of the diffraction pattern to eliminate the high intensity regions covering 0-1 degrees. The diffraction pattern is then digitized by using a frame grabber and PC. The image is subsequently analyzed in the same manner as before [7] .
In our light scattering setup shown in Figure 5 , the object, To find the distribution of field amplitude across the back focal plane of the lens, the Fresnel diffraction formula is applied [18] ;
Substituting (2) The Fourier Transform relation between the object and the focal plane amplitude distribution is not an exact one, due to the presence of the quadratic phase factor that precedes the integral. In most cases, it is the intensity across the focal plane that is of real interest. This intensity is given by;
The scattering pattern for a nonwoven would be the superposition of scattering patterns from the various sets of fibers oriented at different angles with respect to the fixed machine direction in the nonwoven.
Orientation
Since the Fourier transform has its reference in the center, orientations may be directly computed from the transform image by selecting an annulus of width w at a radius r from the center of the image and scanning the image radially. An average value of the transform intensity is found for each of the angular cells. Since orientation is limited for fibers to a range of 0-p, the results are averaged for that range and its radially symmetric counterpart [8] .
Results and Discussions
The diffraction patterns together with the Fourier Transform images are shown in Figures 6-9 for the simulated images (Figures 6 and 7) , the spunbond samples ( Figure 8 and the anisotropy series (Figure 9 ). In the case of straight continuous fibers, the scattering (or transform) acts as "lines" by the diffraction along the oriented fibers at a direction (Figure 1 ). However, in the case of bent or curled fibers (Figure 2) , the scattering (or transform) acts as "dots" and contributes approximately an isotropic background with intensity proportional to the number of crossover points because the amplitude signal at a particular angle in the power spectrum is a function of the number of elements arrayed at the corresponding angles. The evaluation of fiber orientation for fibers that are bent or curled in a sheet will not be affected, since each element of bent or curled fibers is registered at its particular corresponding angle. The spunbond samples had area densities of 50g/m 2 and 80g/m 2 respectively. For both FFT and OFT, the patterns are concentrated at low angles (or low frequency) because crossing fibers amount to relatively large objects (Figure 3 ). For the third set, the pattern becomes increasingly more uni-directional with increasing anisotropy (Figure 9 ). The ODF results for all samples are summarized in Figures 10-15 where the FFT and OFT results are shown together for each sample. It is clear that both the FFT and OFT yield almost identical ODF results. Equation (1) and (4) The laser intensity as well as object length between the fabric and Fourier lens, and the coordinates, u and v, in the back focal plane can influence the intensity of the power spectrum especially at low frequencies.
Fortunately, however, the ODF that are most interesting parts of our research is obtained by selecting an annulus of width (w) of 50 pixels from a inner radius (r) of 50 pixels from the center of the image and scanning the image radially such that the ODF is measured between 3 and 8 degrees (see reference 8). The scanned images are normalized by the overall scanned light intensity. In this manner, the ODF data are not dependent on the scattering intensity, and the results for FFT and OFT become comparable.
The goodness of fit between the FFT and OFT distributions were determined by a chi-square test [18] . The results are summarized in Table 5 . It may be noted that the normalized ODF results are not statistically different. 
Conclusion
This paper explored the utility of the Optical Fourier Transform, which provides a rapid, simple and accurate estimate of the ODF for off-line as well as on-line applications. This method is particularly useful for on-line applications because the scattered light is transformed into the focal plane in real time as eliminating the image capturing and the numerical Fourier transform processes. And also because when the fabric is in motion, the scattering results for the area in motion will be an average for that area. In other words, there are no motion blur problems associated with the use of OFT as the focal plan will be focused by maintaining the distance between the laser beam expander and the focal plan.
A direct comparison made between the results obtained by Optical Fourier Transform and those obtained by image analysis techniques using the Fourier Transform of the image indicates that there are no significant differences between the data obtained by these methods. 
